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Abstract. The variations of tropical upper tropospheric clouds (UTC) with sea surface 21 

temperature (SST) are analyzed in terms of cloud fraction (CFR) from the Atmospheric Infrared 22 

Sounder (AIRS) on Aqua and ice water content (IWC) from the Microwave Limb Sounder 23 

(MLS) on Aura. The SST data are from the Advanced Microwave Scanning Radiometer 24 

(AMSR-E) on Aqua. It is found that the daily mean CFR over tropical cloudy areas is nearly 25 

invariant with the mean under-cloud SST, while the daily mean IWC and ice water path (IWP, 26 

integrated IWC above 215 hPa) over tropical cloudy areas increase with the mean under-cloud 27 

SST at a rate about 20% per degree K, faster than the increase of daily mean cloudy-area 28 

precipitation with SST. The net radiative effect of the observed UTC is to warm the Earth-29 

atmosphere system. The amplitude of the net warming is about 7-17 W m-2 in the tropical 30 

average, with uncertainty largely arising from the estimate of fractional coverage of UTC. The 31 

net UTC radiative effect (CRE) varies approximately monotonically with CFR, but non-32 

monotonically with IWP. The increase of IWP with SST would yield an increase of net warming 33 

of about 0.1 W m−2 K−1, corresponding to a positive feedback, until the net warming reaches a 34 

maximum when IWP is increased by 50%. Doubling of IWP yields almost no change in the net 35 

CRE, although the changes in LW and SW CRE individually are substantial, about 3.2 W m−2 36 

averaged over the tropics. 37 
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1. Introduction 38 

High-altitude clouds have important radiative effects on the Earth-atmosphere system. They 39 

are closely related to upper tropospheric humidity (UTH), which contributes dominantly to the 40 

greenhouse effect [e.g. Betts 1990; Lindzen 1990; Sun and Lindzen 1993; Udelhofen and 41 

Hartmann 1995; Soden and Fu 1995; Su et al. 2006]. They also provide significant radiative 42 

forcing to the climate system. Their net radiative effect results from a balance between warming 43 

by reducing terrestrial emission to space and cooling by reflecting incoming solar radiation. 44 

Quantification of the net effect is subject to errors in both longwave (LW) and shortwave (SW) 45 

radiative flux measurements, and in model calculations. The net cloud radiative effect (CRE) of 46 

high-level clouds depends on cloud height, optical thickness, areal fraction and cloud 47 

microphysical properties such as ice particle size and ice habits. Accurate representation of clouds 48 

and their radiative effects and associated climate feedbacks is one of the greatest challenges in 49 

climate model simulations and climate change predictions (Cess et al. 1990, 1996; Stephens 50 

2005). 51 

High-altitude clouds in the tropics include deep convective towers and associated anvil clouds, 52 

as well as thin cirrus that can be formed in situ by gravity wave and Kelvin wave perturbations or 53 

by large-scale uplift of humid layers (Massie et al. 2002). The relationships of deep convective 54 

clouds and anvils clouds to SST are of great interest in climate studies because of their importance 55 

for cumulus parameterizations in models and their potential implications for cloud feedbacks in 56 

climate change. A number of studies have been conducted using various measures of cloud 57 

observations and numerical models (e.g. Graham and Barnett 1987; Waliser et al. 1993; 58 

Ramanathan and Collins 1991, hereafter RC1991; Lau et al. 1997; Tompkins and Craig 1999; 59 

Lindzen et al. 2001, hereafter LCH2001; Hartmann and Larson 2002; Del Genio and Kovari 2002; 60 
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Bony et al. 2004; Lin et al. 2006). However, no consensus has been reached regarding whether 61 

high-altitude clouds increase or decrease with SST and whether they provide a positive or negative 62 

climate feedback. For example, RC1991 showed that the radiative forcing of cirrus anvils 63 

increases during El Niño events; and the increase of their SW cooling effect is larger than the 64 

increase of their LW warming effect. This suggests that the optical thickness of cirrus anvils may 65 

increase when SST increases, in addition to the increase in the extent of cloudiness and the height 66 

of cloud top. They speculated that cirrus anvils may act like a “thermostat” to limit further 67 

warming of SST. This viewpoint has been challenged by a number of studies that highlighted the 68 

roles of evaporation, large-scale circulation, and ocean dynamics in regulating tropical SST 69 

(Wallace 1992; Fu et al. 1992; Hartmann and Michelsen 1993; Pierrehumbert 1995; Sun and Liu 70 

1996).  71 

Another viewpoint regarding the cirrus-SST relation and its climate feedback is the “iris 72 

hypothesis” proposed in LCH2001, in which the cirrus fractional coverage variation with SST was 73 

analyzed based on the infrared brightness temperature (11 and 12 � m channels) from the Japanese 74 

Geostationary Meteorological Satellite (GMS). LCH2001 showed that cirrus coverage normalized 75 

by cumulus coverage decreases about 22% per degree increase of SST, analogous to an eye’s iris 76 

when exposed to stronger light. They further inferred that the “iris” effect would produce a strong 77 

negative climate feedback. There has been intense debate about the validity of the “iris 78 

hypothesis” in terms of the analysis approach and interpretation of the results (Hartmann and 79 

Michelsen 2002; Lindzen et al. 2002) as well as the assumptions about the radiative properties of 80 

high clouds (Fu et al. 2002; Lin et al. 2002; Chambers et al. 2002; Chou et al. 2002, 2002b). Del 81 

Genio and Kovari (2002) analyzed the Tropical Rainfall Measuring Mission (TRMM) data and 82 

found that precipitation efficiency and cirrus detrainment efficiency both increase with increasing 83 
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SST, with the former increasing faster than the latter. However, the TRMM cloud data are biased 84 

towards precipitating deep convective clouds, and a different relation may apply to cirrus anvil 85 

clouds alone. Lack of direct observations of the amount of deep convective cores and cirrus anvils 86 

hinders resolution of the “iris” debate.   87 

New satellite observations from the National Aeronautics and Space Administration (NASA)’s 88 

“A-train” satellite constellation (Schoeberl and Talabac 2006) provide new information on global 89 

cloud variability. The A-train satellites are sun-synchronous, with an equatorial crossing time 90 

around 1:30 am and 1:30 pm. The orbit tracks repeat every 16 days. In particular, the Atmospheric 91 

Infrared Sounder (AIRS) on the Aqua satellite (Parkinson 2003; Chahine et al. 2006) provides 92 

cloud fraction (CFR) and cloud top pressure (CTP), starting from September 2002. The 93 

Microwave Limb Sounder (MLS) on the Aura satellite (Schoeberl et al. 2006; Waters et al. 2006), 94 

for the first time, provides the upper tropospheric (UT) ice water content (IWC) profile at 215 hPa 95 

and above, starting from August 2004. The ice water path (IWP) can then be computed by the 96 

mass-weighted vertical integration of IWC from 215 hPa to the cloud top heights. The AIRS and 97 

MLS observations are only about 8 minutes apart (Kahn et al. 2007), and there are about 5-6 AIRS 98 

measurements within each MLS field of view (FOV). CloudSat and Calipso are new members of 99 

the A-train that started to produce cloud liquid and ice water content profiles throughout the 100 

troposphere in June 2006 (Stephens et al. 2002). Because the CloudSat/Calipso data temporal 101 

coverage is too short for this study, we defer analysis of these data for future work.  102 

In this study, we examine variations of the UT cloud fraction from AIRS and the UT IWC/IWP 103 

from MLS in relation to the underlying SST, obtained from the microwave SST analysis from the 104 

Advanced Microwave Scanning Radiometer (AMSR-E) on Aqua. We use upper tropospheric 105 

clouds (UTC) to refer to the high-altitude clouds observed by AIRS and MLS without distinction 106 
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between different cloud types. Separation of deep convective cores, anvil clouds and thin cirrus 107 

will be explored in future work. In contrast to a recent study by Su et al. (2006), which analyzed 108 

the spatial correlation of MLS IWC/IWP with SST on monthly and annual time scales, this paper 109 

focuses on the temporal variation of CFR and IWC/IWP of the UTC on a daily time scale, as in 110 

LCH. We examine the relationship between the daily CFR and IWC/IWP averaged over all 111 

tropical cloudy areas and the daily mean under-cloud SST (see section 3 for details). The surface 112 

precipitation variation with SST is also analyzed using precipitation data from TRMM. One of the 113 

issues in analyzing the clouds and SST relation is how to account for the impact of changing large-114 

scale circulation associated with SST gradients on clouds (Lindzen and Nigam 1987; Hartmann 115 

and Michelsen 1993; Lau et al. 1997; Bony et al. 2004). LCH2001 postulated a normalization 116 

procedure in which cirrus anvil coverage was divided by the cumulus coverage. It attempts to deal 117 

with the varying detrainment from cumulus convection when SST changes rather than varying 118 

cumulus convection itself with SST, which may be related to shifting patterns of large-scale 119 

circulation and SST gradients. Such an attempt is reasonable and the normalization would work 120 

only if cirrus anvil coverage were proportional to the cumulus coverage. Here, we experiment with 121 

an analogous procedure to that used in LCH2001: we use precipitation to normalize CFR or IWP 122 

by dividing the cloudy-area mean CFR or IWP by the cloudy-area mean precipitation. The 123 

relationships of the precipitation-normalized CFR and IWP with the mean under-cloud SST are 124 

analyzed and the intricacy of the normalization procedure is also addressed. The UTC-SST 125 

relationships from our observational data analysis will serve as useful reference values for cloud 126 

simulations in climate models. It also helps to shed light on the inference of UT cloud changes for 127 

future climate. 128 
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A radiative transfer model is employed to estimate the radiative effect of the observed UTC. 129 

Both the monthly-mean and the daily distribution of UTC radiative effect as a function of CFR 130 

and IWP are presented. They provide useful insights on cloud radiation feedback. 131 

    The structure of the paper is as follows. Section 2 describes the datasets used for the analyses. 132 

Section 3 presents the UTC and SST relations based on the AIRS and MLS observations. The 133 

radiative effect of the UTC is discussed in Section 4. Conclusion and discussion are given in 134 

Section 5. 135 

2. Data  136 

The AIRS Level 3 cloud fraction (CFR) data are provided on 1°×1° horizontal grids and are 137 

available daily from September 1, 2002 to September 30, 2006 (version 4, Olsen et al. 2005). The 138 

AIRS CFR retrieval uses a radiance fitting procedure described in Susskind et al. (2003), with a 139 

horizontal resolution of ~15 km. To identify high-altitude clouds, we use the simultaneous AIRS 140 

Level 3 cloud top pressure (CTP) measurements. Only grid boxes with CTP < 300 hPa are 141 

considered UTC. This value is chosen to match the MLS IWC measurement, which only goes 142 

down to 215 hPa. The AIRS CTP measurement has a horizontal FOV of ~ 45 km in diameter 143 

(Kahn et al. 2007). Early cross-comparison between the AIRS and MLS cloud measurements 144 

found that AIRS CTP tends to have a high (in pressure levels) bias compared to that derived from 145 

the MLS IWC measurements (Kahn et al. 2007; Wu et al. 2007). We find that the results are not 146 

sensitive to the exact choices of CTP values between 450-200 hPa. Throughout the rest of the 147 

discussions, we use CFR to denote the UTC fraction with CTP < 300 hPa. Note that the AIRS CFR 148 

represents a combined effect of cloud areal coverage and cloud emissivity. For thick clouds, the 149 

emissivity is close to 1. Hence, their CFR is approximately fractional coverage. However, for thin 150 

clouds that are not opaque, the retrieved CFR is smaller than the actual cloud coverage. 151 
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Preliminary analysis indicates that the difference between the AIRS retrieved CFR and the actual 152 

cloud coverage is about 0.2 in the global average (B. Kahn, personal communication, 2007). Such 153 

caveats need to be considered when interpreting the analysis results.  154 

The Aura MLS Level 2 IWC measurement is available from August 8, 2004 to September 30, 155 

2006 (version 1.5). The IWC is retrieved from the cloud-induced radiance at 240 GHz (Wu et al. 156 

2006). The v1.5 IWC is available at 215, 178, 147, 121, 100, 83 and 68 hPa, with a horizontal 157 

resolution of 200-300 km along-track and ~7 km cross-track, and a vertical resolution of 3-4 km 158 

(Livesey et al. 2005; Wu et al. 2006, 2007). The Aura MLS IWC data have been validated against 159 

in situ aircraft measurements and other satellite data (Wu et al. 2007), and have been compared 160 

with model simulations and analyses (Li et al. 2005). The estimated IWC absolute accuracy is 161 

within a factor of 2 and there may be a low bias around 50% compared to CloudSat IWC (Wu et 162 

al. 2007). The spatial pattern of the MLS IWC resembles deep convective systems and associated 163 

anvil clouds (Li et al. 2005, Su et al. 2006). The Level 2 data are obtained along MLS orbit tracks. 164 

The gap between orbits is about 25° in the tropics (30ºS-30ºN).  The number of profiles each day is 165 

about 3500, with one-third of them within the tropics.  166 

We use the daily microwave SST product from the AMSR-E on the Aqua satellite (version 2, 167 

Donlon et al 2002), processed at Remote Sensing Systems with a horizontal resolution of 168 

0.25°×0.25°. To reduce sampling errors, we average the AMSR-E SST to both AIRS and MLS 169 

data grids when performing correlation analyses. The through-cloud capabilities of microwave 170 

radiometers reduce the influence of clouds on the SST retrieval, and the daily coverage of the 171 

AMSR-E SST is a significant improvement from the weekly SST product from the National 172 

Centers for Environmental Prediction (NCEP) analysis, which was used in LCH. 173 
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We use the daily TRMM precipitation data (3B42, Huffman et al. 2001) at a horizontal 174 

resolution of 0.25°×0.25°. Averaging onto the AIRS and MLS data grids is performed for 175 

coincident sampling, as for the AMSR-E SST.  176 

3. UTC-SST Relations  177 

We define a daily mean UTC amount as �� ⋅=
nn

n
c AA θθ coscos ,  where A is either CFR, 178 

IWC or IWP, θ is the latitude within 30°S-30°N, and n includes only tropical oceanic “cloudy” 179 

measurements defined by the CFR greater than zero in a 1º×1º grid box or the individual 180 

measurements of IWC in the MLS FOV above the 3-σ MLS cloud detection threshold (Livesey et 181 

al. 2005).  An analogous definition is used for the mean under-cloud SST. These definitions do not 182 

include clear-region quantities and focus on the local relations of UTC and SST for the entire 183 

cloudy regions. They represent the cloudy tropics as one box with varying boundary based on the 184 

daily UTC measurements. We regard SST as a forcing to the convective systems on a daily time 185 

scale. The fraction of the measurements that are cloudy is about 15-20% for AIRS CFR and 6-186 

10% for MLS IWC, and both of which stay approximately constant with changes in the mean 187 

under-cloud SST. Thus the cloudy-area mean CFR or IWC/IWP scale approximately linearly with 188 

the tropical-mean CFR or IWC/IWP, which include the clear-sky regions.  189 

 190 

 191 

 a. AIRS CFR-SST Relation  192 

Figure 1a shows the AIRS mean cloudy-area UTC fraction (
c

CFR ) scattered against the mean 193 

under-cloud SST for the period of September 1, 2002 to September 30, 2006. Each dot 194 

corresponds to a daily average. All daily 
c

CFR occurs over the mean under-cloud SST greater than 195 

Insert Figure 1 here 
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300 K, indicating the close connection of AIRS observed UTC to tropical deep convection (e.g. 196 

Graham and Barnett 1987; Waliser et al. 1993; Su et al. 2006). The daily 
c

CFR is very scattered 197 

with respect to the mean under-cloud SST, with a correlation coefficient of 0.054 and a linear 198 

regression slope of 0.52 % K-1 (~2% K-1 relative to the 4-year mean CFR). The Student’s t-test 199 

finds that this correlation coefficient barely rejects the null hypothesis that the true correlation 200 

coefficient is zero. If we restrict the area to 20ºS-20ºN or 10ºS-10ºN, the regression slopes are 201 

1.2% K-1 and 2.6% K-1, corresponding to 4% K-1 and 8% K-1 relative to the 4-year means, 202 

respectively (Table 1). The smaller regression slopes of the 
c

CFR versus the mean under-cloud 203 

SST when more subtropical regions are included in the averaging may imply the influence of 204 

subtropical meteorological forcing on convection and cirrus outflow (Hartmann and Michelsen 205 

2002). If we restrict the averaging area to the western Pacific from 130ºE to 170ºW (30ºS-30ºN) as 206 

in LCH2001, the slope of CFR versus SST is 2.2% K-1, or 6% K-1 relative to its 4-year mean 207 

(Table 1). Given the small correlation between the 
c

CFR and the mean under-cloud SST, it is fair 208 

to say that the 
c

CFR is nearly invariant with the mean under-cloud SST.  209 

Figure 1b shows the scatter plot of the 
c

CFR versus the cloud-area mean precipitation (
c

P ). 210 

The correlation coefficient between 
c

CFR and 
c

P is 0.68, statistically significant above the 95% 211 

level. When the
c

P is scattered against the mean under-cloud SST, a positive correlation of 0.31 212 

is found (Fig. 1c). The
c

P increases with the mean under-cloud SST at a rate of 0.34 mm day-1 213 

K-1, about 22% K-1, relative to its 4-year mean. The increase of precipitation with local SST is 214 

not surprising, and an increase of UTC fraction with precipitation is expected since the deep 215 

convection that produces the precipitation also contributes to the clouds. However, there are a 216 

number of aspects to these relationships that are far from simple. The most obvious is that 217 
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despite the relationship of cloud fraction to precipitation (Fig. 1b), and of precipitation to SST 218 

(Fig. 1c), the relationship of cloud fraction to SST is highly scattered.  We note that combining 219 

the regression coefficients of Figs. 1b and 1c leads to CFR′ = 2.8 SST′, where primes denotes 220 

departure from the mean, a slope much larger than is seen in Fig. 1a. Given the explained 221 

variance of cloud fraction by precipitation is about 50% and the explained variance of 222 

precipitation by SST is about 10%, a large portion of the cloud fraction variation is not 223 

explained by SST changes. Part of the AIRS observed UTC could be formed in situ and 224 

consequently may not exhibit a simple relation with the underlying SST. Even for the cirrus 225 

clouds that are of convective origin, factors other than SST may play important roles in the 226 

cirrus outflow, such as UT temperature (Chou and Neelin 1999) and aerosol concentration (Liu 227 

et al. 2007).  228 

We also note that the cloud fraction dependence on precipitation has a considerably lower 229 

slope than if cloud fraction were simply proportional to precipitation.  For reference, the 230 

regression line constrained to go through zero is shown in Fig. 1b (the dotted line). The non-231 

proportionality between 
c

CFR and 
c

P has considerable consequence if one wishes to use 232 

precipitation to normalize cloud fraction, in a procedure analogous to LCH2001 normalization 233 

by a measure of cumulus area. If cloud fraction were proportional to precipitation then dividing 234 

by precipitation would remove the precipitation dependence.  As it is (Fig. 1b), dividing cloud 235 

fraction by precipitation would result in a term inversely proportional to the mean precipitation 236 

in addition to the regression slope of cloud fraction to precipitation, and only the latter is the 237 

quantity of relevance to the detrainment of cirrus clouds per unit convection. Figure 1d shows 238 

what happens if one takes the ratio of cloud fraction to precipitation for each day and scatters the 239 

ratio against the mean under-cloud SST. The precipitation-normalized cloud fraction appears to 240 
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decrease with increasing SST at a rate of −5% mm-1 day K-1 (Fig. 1d), corresponding to −24% 241 

K-1 relative to the 4-year mean. The rate of decrease of the precipitation-normalized CFR with 242 

SST is close to the rate of decrease of the cumulus-normalized cirrus coverage with SST in 243 

LCH2001. The correlation coefficient between the precipitation-normalized CFR and the mean 244 

under-cloud SST is −0.4, statistically significant above the 95% level. For tropical bands 245 

between 20ºS-20ºN and 10ºS-10ºN, the precipitation-normalized CFR also decreases with SST 246 

by about −20% K-1 (Table 1). For the region analyzed in LCH2001, the slope of the normalized 247 

AIRS CFR versus SST is about −12% K-1 with a correlation coefficient around −0.2. 248 

Considering that the AIRS CFR depends upon both emissivity and areal coverage, the actual 249 

cirrus areal coverage may be higher than the CFR, especially for thin cirrus. This would increase 250 

the negative slope in Fig. 1d if warmer SST is associated with thicker UTC. 251 

The decrease of the precipitation-normalized CFR with SST is expected, given the nearly 252 

invariant 
c

CFR with SST in Fig. 1a and the increase of 
c

P  with SST in Fig. 1c. The rate of 253 

decrease of 
c

CFR /
c

P with SST is dominated by the term inversely proportional to precipitation, 254 

which would produce a decreasing tendency with SST at around −20% K−1. Hence, although the 255 

normalization is appealing, simply dividing the cloud fraction by precipitation does not provide 256 

a good solution to isolate the cirrus detrainment change from the cumulus convection change 257 

itself. Based on the relations shown in Fig. 1, we conclude that UTC fraction does not vary 258 

significantly with the mean under-cloud SST, while precipitation increases noticeably with 259 

increasing SST. Given the non-proportionality between cloud fraction and precipitation, we are 260 

inclined to be cautious about inferring cirrus detrainment change using this normalization 261 

procedure.  262 
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On the other hand, CFR is only one measure of UTC amount. Cloud optical depth, which is 263 

dependent on IWC and cloud height, is another important property that affects the radiative effect 264 

of the clouds. It is possible that IWC and cloud height could undergo significant changes when the 265 

surface warms, which in turn could alter the net radiative forcing of the UTC in addition to the 266 

changes caused by the CFR variations. Hence, we analyze the IWC and cloud height information 267 

from MLS to better quantify the UTC variation with SST and the associated radiative impact.  268 

 269 

b. MLS IWC-SST Relation  270 

Figure 2 shows the daily MLS IWC scattered against the mean under-cloud SST during the 271 

period from August 8, 2004 to September 30, 2006. For each day, the mean under-cloud SST is 272 

computed using the AMSR-E SST averaged into the areas centered on the MLS measurement 273 

location and spanning ±1° along track and ±0.5° cross track. Three vertical levels of IWC are 274 

displayed in Figure 2, 100 hPa (~16 km), 147 hPa (~13.5 km) and 215 hPa (~11 km). All show an 275 

increase of 
c

IWC with increasing mean under-cloud SST, albeit with a large scatter. The rates of 276 

the 
c

IWC  increase with the mean under-cloud SST are 1.6 mg m-3 K-1 at 215 hPa, 1.2 mg  m-3 277 

K-1 at 147 hPa and 0.2 mg m-3 K-1 at 100 hPa.  The percentage changes relative to the 2-year 278 

mean at each level are approximately 9% K-1 at 215 hPa, 22% K-1 at 147 hPa, and 13%   K-1 at 279 

100 hPa. The correlation coefficients between the
c

IWC and the mean under-cloud SST are 0.42 at 280 

215 hPa, 0.49 at 147 hPa and 0.28 at 100 hPa, all statistically significant above the 95% level. 281 

Similar analysis is performed for 10ºS-10ºN and 20ºS-20ºN bands, where the increase of 282 

c
IWC with the mean under-cloud SST occurs at a slightly higher rate (not shown).  283 

Insert Figure 2 here 
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 We also define a MLS CTP as the minimum pressure level at which the MLS IWC is above 284 

the 3σ detection threshold. Fig. 2d shows the mean MLS CTP over the cloudy-areas (
c

CTP ) 285 

versus the mean under-cloud SST. It shows that MLS 
c

CTP increases in height (decreases in 286 

pressure) when SST increases, at roughly −5 hPa K-1.  287 

 288 

With the increasing cloud height and increasing IWC at each level, the vertically-integrated 289 

IWP (from 215 hPa and up) increases with SST, as displayed in Fig. 3a. The rate of the increase of 290 

the
c

IWP with the mean under-cloud SST is 5.3 g m-2 K-1, about 20% K-1 relative to the 2-year 291 

mean IWP. The correlation between the
c

IWP and the mean under-cloud SST is about 0.5. The 292 

mean precipitation over the MLS observed cloudy areas   (where the MLS IWP is above the cloud 293 

detection threshold),
c

P , is constructed and its relation to 
c

IWP and the mean under-cloud SST are 294 

displayed in Fig. 3b and 3c, respectively. Note that the 
c

P  based on the MLS IWP is generally 295 

higher than the
c

P based on the AIRS CFR (cf. Fig. 1c). This indicates that the MLS-detected UTC 296 

is more closely tied to precipitating convective systems than the AIRS-detected UTC. Infrared 297 

instruments such as AIRS may detect more thin cirrus away from precipitating cumulus towers 298 

than microwave instruments such as MLS. It is shown that 
c

P increases with the mean under-299 

cloud SST at the rate of 0.43 mm day-1 K-1, about 12% K-1 relative to the 2-year mean. It is 300 

positively correlated with 
c

IWP with a correlation coefficient of 0.5. However, we note that 301 

c
IWP and 

c
P are not proportional, indicated by the two different slopes for the least-squares fitted 302 

line and the line constrained to go through zero. Thus the relation of the precipitation-normalized 303 

IWP with SST (Fig. 3d) does not remove the precipitation dependence on SST, similar to the 304 

Insert Figure 3 here 
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precipitation-normalized CFR shown in Fig. 1d. Despite that the term inversely proportionally to 305 

precipitation would yield a negative tendency for the precipitation-normalized IWP relation with 306 

SST, the normalized IWP exhibits a positive slope with the mean under-cloud SST, at the rate 307 

about 8% K−1, with a correlation coefficient of 0.15. Similar results are found for other tropical 308 

bands and the region used in LCH2001. It is robust that 
c

IWP increases with increasing SST, at a 309 

rate faster than the increase of 
c

P with the mean under-cloud SST. These results are useful for 310 

evaluation of model simulations in the current climate. 311 

So far, we find that cloud fraction appears not sensitive to SST changes but the IWC (IWP) has 312 

a clear increasing tendency with SST. Therefore, we employ a radiative transfer model to examine 313 

the radiative effect of the UTC and how the radiative effect varies when IWC changes.  314 

4.  The UTC radiative effect 315 

 The radiative transfer model we use is the Fu-Liou radiation model. It uses the delta-four-316 

stream approximation for solar flux calculations (Liou et al. 1988) and delta-two-stream 317 

approximation for infrared flux calculations (Fu et al. 1997). The incorporation of non-grey 318 

gaseous absorption in multiple-scattering atmospheres is based on the correlated k-distribution 319 

method developed by Fu and Liou (1992). The solar and infrared spectra are divided into 6 and 12 320 

bands, respectively, according to the location of absorption bands. Parameterization of the single-321 

scattering properties for ice cloud follows the procedure developed by Fu and Liou (1993). The 322 

spectral extinction coefficient, the single-scattering albedo, and the asymmetry factor are 323 

parameterized in terms of the IWC and the effective ice crystal size (De). For De, instead of using 324 

the mono-distribution as in the standard Fu-Liou code, we adopt the empirical formula for ice 325 

particle size distribution developed by McFarquhar and Heymsfield (1997, the MH distribution) as 326 

used in the MLS IWC forward model, where De is computed as a function of MLS measured IWC 327 
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and temperature. This treatment of ice particle size is consistent with the MLS IWC retrieval and is 328 

better than other arbitrary assumption of ice particle size. We confine our attention to the effect of 329 

UTC at and above 215 hPa where MLS IWC measurements are valid. The radiative effect of all 330 

clouds throughout the tropospheric column can explored using CloudSat liquid and ice water 331 

contents in future work.  332 

Because of the non-linearity of cloud radiation calculations, it is necessary to compute the 333 

radiative fluxes using instantaneous UTC profiles along orbit tracks, rather than using averaged 334 

profiles over a certain area or period. The monthly mean CRE is then constructed by averaging all 335 

individual CREs, totalling about 35000 calculations per month within the tropics (30°S-30°N). We 336 

consider that each measurement footprint has fractional cloud coverage η (whose determination is 337 

described later). Since the MLS measurement represents averaged IWC over the MLS FOV, the 338 

actual overcast IWC value is IWC/η. The total-sky radiative flux (F) for each MLS measurement 339 

area is thus  340 

                                                            ovclr FFF ηη +−= )1( ,                                 (1) 341 

where  Fclr and Fov are clear-sky and overcast fluxes. The radiative effect of the MLS-observed 342 

cirrus is then defined as the difference between clear-sky and total-sky radiative fluxes at the top-343 

of-atmosphere (TOA),  344 

                                                          )( ovclrclr FFFFCRE −=−= η ,                    (2) 345 

with positive CRE indicating warming. We use the standard tropical atmosphere profile to 346 

compute Fclr. As elaborated in Soden et al. (2004), this method of cloud forcing calculation 347 

directly assesses the radiative perturbation due to clouds, and eliminates the impact of cloud-348 

induced water vapor and temperature changes on radiative fluxes. However, direct comparison of 349 

such computed fluxes to observations is difficult as it is impossible to separate the effect of clouds 350 
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and the effect of cloud-induced water vapor and temperature variations on observed radiative 351 

fluxes.  352 

To obtain an estimate of the UTC fractional coverage η for each MLS IWC measurement, we 353 

interpolate the AIRS CFR onto the MLS IWC measurement location, assuming the MLS IWC in 354 

each UT layer overlaps in vertical. Sensitivity of CRE to the estimate of η is explored. 355 

      356 

     357 

In the standard run, we assume that the emissivity of the observed UTC is 1 and thus the 358 

interpolated AIRS CFR on the MLS track equals the fractional coverage η. Figure 4 shows the 359 

maps of LW, SW and net CREs for January 2005 from the standard run. The model-computed 360 

CREs on orbit tracks have been averaged into 8° (in longitude) × 4° (in latitude) grid boxes. The 361 

corresponding maps of monthly mean MLS IWP and AIRS CFR (CTP < 300 hPa) for January 362 

2005 are displayed in Fig. 5, with the same 8° × 4° horizontal gridding. The patterns of CREs 363 

resemble those of IWP and CFR. Large amplitudes of CREs are found over the climatological 364 

convective zones: the western Pacific, South America and South Africa, where high IWP and CFR 365 

are observed. The AIRS CFR indicates more cirrus than the MLS IWP in the regions away from 366 

deep convective centers, such as over the subtropics. The maximum LW warming amounts to 50 367 

W m-2, and is comparable to the maximum SW cooling. When averaged over the tropics from 368 

30ºS to 30ºN, the mean LW CRE is 12.0 W m-2 and the mean SW CRE is −5.4 W m-2, resulting in 369 

a net warming of 6.6 W m-2. We compute the net cloud forcing for all months in 2005. The 370 

annual-mean tropical-mean UTC forcing is about 7.0 W m-2.  371 

To illustrate the dependence of the UTC radiative effect on IWP and CFR, we plot the LW, 372 

SW and net CRE distributions binned on MLS IWP and AIRS CFR for all individual 373 

Insert Figure 4 here Insert Figure 5 here 
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measurements within 30°S-30°N in January 2005 (Fig. 6). The IWP bin intervals are specified 374 

logarithmically since a large number of samples are observed in the low IWP bins. The CFR bin 375 

interval is 15%. Within each IWP/CFR bin, the averaged CRE is shown. 376 

  377 

The visible optical depth of the UTC, obtained by averaging the model-derived visible optical 378 

depth for each IWP bin, is shown as a function of IWP by the grey line in Fig. 6b. The probability 379 

density functions (PDF) of MLS IWP and AIRS CFR are also shown in grey curves in Figs. 6c and 380 

6f, respectively. The PDF of IWP exhibits a peak around 0.3 g m-2 and a broad distribution from a 381 

few g m-2 up to 100 g m-2. About 95% of the observed IWP values are within 100 g m-2. When 382 

IWP is greater than 100 g m-2, the corresponding PDF decreases sharply. The visible optical depth 383 

derived from the Fu-Liou model for the observed UTC increases approximately linearly with IWP. 384 

The IWP of 100 g m−2 corresponds to τ = 2.5. The maximum τ is about 3.5. Fewer than 1% of the 385 

individual IWP measurements have τ > 4. Based on previous studies, high-altitude clouds with τ < 386 

4 have a dominant LW warming effect (Fu and Liou 1993; Choi et al. 2005; Choi and Ho 2006). 387 

Hence, it is not surprising that the LW warming effect outweighs the SW cooling effect for most of 388 

the observed UTC, resulting in a net warming over the entire tropics (Fig. 4c and Fig. 6c) The PDF 389 

of the CFR decreases monotonically with CFR, with a broad distribution between 20% and 80% 390 

(Fig. 6f grey curve).  391 

The dependence of the CRE on IWP and CFR shown in Fig. 6 is consistent with the earlier 392 

radiative model calculations by Fu and Liou (1993), but our results assume the MH ice particle 393 

size distribution. The dependence of CRE on IWP is quite non-linear. When IWP is less than ~60 g 394 

m-2, both LW and SW CRE magnitudes increase with IWP, with faster increase in LW CRE, 395 

resulting in increasing net warming effect. When IWP is between 60-100 g m-2, the increase of 396 

Insert Figure 6 here 
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LW warming and SW cooling approximately cancel each other, producing very small change in 397 

the net CRE. When IWP is greater than 100 g m-2, further increase of IWP favors SW cooling over 398 

LW warming, causing the net CRE to decrease sharply. Over the observed IWP range, the net CRE 399 

stays positive (warming).  When CRE is binned on CFR (Fig. 6d-f), an approximately monotonic 400 

relation is found, with weak non-linearity existing for the SW CRE due to the rescaling of overcast 401 

IWP when CFR changes.  402 

Two sets of sensitivity runs are conducted using the January 2005 cloud profiles. One set of 403 

experiments examine the uncertainty of CRE due to errors in the estimate of η. First, we add a 404 

correction factor of 0.2 to all CFR measurements following the preliminary analysis by Kahn et al. 405 

(personal communication, 2007) (the “+0.2 CFR run”). The resulting tropical-mean net CRE is 6.7 406 

W m-2, with the LW CRE being 10.9 W m-2 and the SW CRE being -4.2 W m-2 (Table 2). The 407 

increased cloud coverage estimate for each MLS FOV is associated with reduced overcast IWP 408 

due to the rescaling of IWP/η. The combined effects of increasing CFR and decreasing IWP 409 

contribute to a similar CRE as in the standard run. Second, we test an extreme case by assuming 410 

that the UTC coverage for each MLS IWC FOV is 100% and the AIRS CFR equals the cloud 411 

emissivity (the “overcast run”). In this case, the LW CRE increases substantially while the SW 412 

CRE decreases slightly, resulting in the net CRE of 16.7 W m-2, about 10 W m-2 larger than the 413 

standard run (Table 2). Here, the effect due to increased cloud coverage is dominant in increasing 414 

the net cloud forcing. 415 

 416 

In the other set of sensitivity runs, we investigate the change of CRE due to changes of IWC by 417 

successively increasing IWC values at each level uniformly over the tropics by 25% to 250%, 418 

while keeping CFR unchanged. The results are shown in Fig. 7. The tropical-mean net warming 419 

Insert Figure 7 here 
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reaches its maximum when IWC is increased by 50% from the current value. The net warming is 420 

0.2 W m−2 more than the standard run, with LW and SW effects increasing by 1.9 and 1.7 W m-2, 421 

respectively. Supposing the rate of IWC increase with SST is 20% K−1 as shown in Fig. 3a and 422 

Table 1, the change of net CRE is about 0.1 W m−1 K−1, while the changes of LW and SW CRE are 423 

1.0 and 0.9 W m−1 K−1, respectively. When IWC is increased more than 50%, the increase in SW 424 

cooling outweighs LW warming, causing the net CRE reducing from its maximum value. When 425 

IWC is doubled, the net CRE returns to the approximately same value as the standard case, 426 

although the changes in the LW and SW effects are both as large as 3.2 W m-2 in the tropical 427 

average. Considering the low bias of 50% or so in the MLS IWC measurement (Wu et al. 2007), 428 

the doubled IWC run also gives the error in CRE due to the IWC retrieval. Further increase of 429 

IWC yields net warming smaller than the standard run, although it is unlikely the polarity of the 430 

net CRE would reverse sign given reasonable IWC changes for hypothetical SST changes within 5 431 

K (corresponding to roughly doubled IWC change).  432 

Note that the UTC forcing described above includes only the radiative effect of high-altitude 433 

clouds at 215 hPa and above. When clouds at lower altitudes are included, the net cloud forcing is 434 

different. It is expected that lower clouds would tend to have a stronger SW cooling effect that may 435 

overcome their LW warming effect.  436 

5. Conclusion and discussion 437 

Two aspects of tropical upper tropospheric cloud variations with SST are analyzed using 438 

AIRS, MLS and TRMM data. One aspect is UTC area fraction and the other is ice water content, 439 

which is directly linked to cloud optical thickness. Averages of cloud quantities are compared to 440 

those of SST and precipitation computed over “cloudy areas” defined with a consistent mask for 441 

each cloud quantity (see section 3) over the tropical oceans (30ºS-30ºN). Daily mean cloudy-area 442 
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averaged UTC fraction (from AIRS) is nearly invariant with changes in the mean under-cloud SST 443 

(slightly increasing but with low correlation), while the tropical cloudy-area averaged precipitation 444 

increases with the mean under-cloud SST at a rate of ~20% K-1. The UTC fraction increases with 445 

cloudy-area precipitation, but at a rate considerably slower than would be consistent with 446 

proportionality to precipitation. When we consider a normalization procedure that attempts to 447 

account for changes in intensity of convection by dividing by precipitation, the precipitation-448 

normalized CFR thus yields a decreasing relationship to the mean under-cloud SST, dominated by 449 

the inverse of precipitation and SST relation. Measures of cloud ice, daily mean cloudy-area 450 

averaged IWC and IWP, are found to increase with the mean under-cloud SST, faster than does 451 

the corresponding cloudy-area averaged precipitation. Thus the precipitation-normalized IWP 452 

increases with the mean under-cloud SST.   453 

Hence, the overall picture we obtain is that deep convection intensifies when local SST 454 

increases, which is associated with stronger rainfall and greater ice water content, but not greater 455 

coverage of upper tropospheric clouds. The UTC areal fraction tends to stay approximately 456 

constant when SST changes.  The result that stronger convection produces thicker cirriform clouds 457 

when local SST increases is qualitatively consistent with RC1991, by examining the averaged UT 458 

IWC and IWP over the entire tropics (RC1991 focused on the Pacific with large El Niño signals).  459 

However, for the clouds analyzed in our study (215 hPa and above, possibly not as thick as those 460 

examined in RC1991), the cloud LW warming overcomes the SW cooling with no “thermostat” 461 

effect. Comparing the cloud fraction change with SST for the tropics-wide data sets used here to 462 

the Western Pacific infrared based results of LCH2001, we note a more complex relationship than 463 

the simplest version of the LCH2001 “iris” hypothesis. Using a precipitation-normalized CFR a 464 

decreasing tendency with SST similar to the cumulus-normalized anvil coverage in LCH2001 can 465 
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be reproduced. However, while the intent of normalizing cloud statistics by a measure related to 466 

convective mass flux is appealing, a normalization procedure that assumes proportionality appears 467 

to face inherent problems. For the cloud fraction considered here, proportionality does not hold 468 

between CFR and precipitation. Furthermore, combining the linear fits of precipitation to mean 469 

under-cloud SST and cloud fraction to precipitation would yield different results than the directly 470 

estimated relationship of cloud fraction to SST which shows little relationship (a slight increase 471 

with low correlation). The correlations with SST, such as are examined here and in prior studies, 472 

do not exclude the effect of SST gradient and large-scale circulation, so extrapolation of the CFR 473 

and IWP relations with the mean under-cloud SST for cirrus change under global warming is 474 

subject to considerable caveats. Nonetheless, the observed variations of 
c

CFR , 
c

IWC , and 
c

IWP  475 

with the mean under-cloud SST provide useful measures of UTC variation with SST for 476 

evaluation of cloud simulations in climate models. Adequate representation of these relationships 477 

in present-day simulations is needed to obtain confidence that the models are able to accurately 478 

simulate future climate change. 479 

Although the CFR appears to vary little with SST changes, the IWC and IWP have a robust 480 

increasing tendency with SST. We thus explore the radiative impact of IWC/IWP changes using 481 

the Fu-Liou radiative transfer model. We find that these upper-tropospheric clouds have a 482 

dominant infrared-warming effect, owing to their relatively small visible optical depth: 99% of the 483 

clouds have visible optical depth less than 4. The estimate of cloud fractional coverage has a 484 

substantial impact on the net UT cloud forcing, although the net forcing remains positive 485 

(warming) for all reasonable changes of CFR and IWP. The net cloud forcing increases by only 486 

about 0.2 W m−2 when IWC is increased by 50%, corresponding to a small positive feedback and a 487 

sensitivity to SST around 0.1 W m−2 K−1. However, the small change in net CRE is associated with 488 
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significant changes in LW and SW fluxes separately, which can have a non-negligible effect on 489 

atmospheric heating rate and surface energy budget. Further increase of IWC, by more than 50% 490 

would reduce the magnitude of net warming due to nonlinearity in the net CRE with IWC. When 491 

IWC is doubled, the net CRE is approximately the same as the current value.  492 

Our estimate of net cloud forcing with IWC change assumes a uniform percentage increase of 493 

IWC over the tropics. It is not clear how the probability density function (including spatial 494 

distribution and occurrence frequency) of IWP would change during global warming. It is possible 495 

that varying IWC PDF would significantly change the net cloud forcing without changing the 496 

mean IWC given the non-linearity of cloud radiative forcing calculation. Therefore, it is also 497 

important to examine the change of IWC distributions (both spatially and temporally) with SST in 498 

addition to the mean IWC and SST relation. Continued monitoring and accurate measurements of 499 

these cloud properties are critical for climate modeling and climate change predictions.   500 
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Table Captions 653 

Table 1. Regression slopes (in the units of percentage change K-1, relative to the long-term means) 654 

of AIRS cirrus fraction (CTP < 300 hPa) and MLS IWP (from 215 hPa and up) versus the mean 655 

under-cloud SST for different tropical bands.  656 

 CFR Precipitation-
normalized CFR 

IWP Precipitation-
normalized IWP 

30ºS-30ºN 2% −24% 19% 8% 

20ºS-20ºN 4% −21% 22% 14% 

10ºS-10ºN 8% −23% 31% 19% 

30ºS-30ºN, 
130ºE-170ºW 
(as in LCH) 

6% −12% 19% 6%  
 

 657 

Table 2. Tropical-mean (30°S-30°N) LW, SW and net CRE (in W m-2) in January 2005 for the 658 

radiative model runs with different cloud fraction coverage estimates.  659 

 LW CRE SW CRE Net CRE 

Standard run 12.0 −5.4 6.6 

+0.2 CFR run 10.9 −4.2 6.7 

Overcast run 20.3 −3.6 16.7 

 660 
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Figure Captions 661 

Figure 1. Scatter plots of (a) the tropical-averaged (30ºS-30ºN) CFR (CTP < 300 hPa) versus mean under-662 

cloud SST; (b) the tropical-averaged CFR versus the tropical cloudy-area (CFR > 0) averaged precipitation; 663 

(c) the tropical cloudy-area averaged precipitation versus the mean under-cloud SST; and (d) the 664 

precipitation-normalized CFR (in % mm−1 day) versus the mean under-cloud SST. Each point is a daily 665 

value from September 1, 2002 to September 30, 2006.  The solid lines are the least squares linear fits to the 666 

data, with the corresponding equations shown. The dotted line in Fig. 1b marks the regression line 667 

constrained to go through zero (see text for details).  668 

Figure 2. Scatter plots of tropical-averaged (30ºS-30ºN) IWC versus the mean under-cloud SST at three 669 

pressure levels, (a) 100 hPa, (b) 147 hPa and (c) 215 hPa; and (d) the MLS-derived CTP versus the mean 670 

under-cloud SST.  Each point is a daily value from August 8, 2004 to September 30, 2006.  The solid lines 671 

are the least squares linear fits to the data, with the corresponding equations shown.  672 

Figure 3. Scatter plots of (a) the tropical-averaged (30ºS-30ºN) IWP (integrated from 215 hPa) versus the 673 

mean under-cloud SST; (b) the tropical-averaged IWP versus the tropical cloudy-area (IWP > 0) averaged 674 

precipitation;  (c) the tropical cloudy-area averaged precipitation versus the mean under-cloud SST; and (d) 675 

the precipitation-normalized IWP (in g m−2 mm−1 day) versus the mean under-cloud SST. Each point is a 676 

daily value from August 8, 2004 to September 30, 2006. The solid lines are the least squares linear fits to 677 

the data, with the corresponding equations shown. The dotted line in Fig. 3b marks the regression line 678 

constrained to go through zero (see text for details).  679 

Figure 4. Horizontal maps of model-computed CREs at the top-of-atmosphere for the MLS-observed cirrus 680 

clouds (215 hPa and up) for January 2005, (a) LW, (b) SW and (c) net CRE, with positive sign indicating 681 

warming to the Earth-atmosphere and vice versa. 682 

Figure 5. Horizontal maps of the monthly mean MLS IWP and AIRS CFR for January 2005.  683 

Figure 6. The model-computed LW, SW and net CRE binned on MLS IWP (a-c) and AIRS CFR (d-f) 684 

(black lines) for January 2005. The grey line in (b) is the model-computed mean visible optical depth for 685 
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each IWP bin. The grey lines in (c) and (f) are the probability density function of MLS IWP and AIRS CFR 686 

for January 2005, respectively. The horizontal dotted lines in (c) and (f) mark the zero net CRE.  687 

Figure 7. The difference of tropical-mean (a) net, (b) LW and SW CRE (in W m-2) between the runs with 688 

increased IWP and the standard run. All results are based on the January 2005 cloud profiles. 689 

 690 

 691 

 692 
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Figure 1. Scatter plots of (a) the tropical-averaged (30ºS-30ºN) CFR (CTP < 300 hPa) versus the mean 695 

under-cloud SST; (b) the tropical-averaged CFR versus the tropical cloudy-area (CFR > 0) averaged 696 

precipitation; (c) the tropical cloudy-area averaged precipitation versus the mean under-cloud SST; and (d) 697 

the precipitation-normalized CFR (in % mm−1 day) versus the mean under-cloud SST. Each point is a daily 698 

value from September 1, 2002 to September 30, 2006.  The solid lines are the least squares linear fits to the 699 

data, with the corresponding equations shown. The dotted line in Fig. 1b marks the regression line 700 

constrained to go through zero (see text for details).    701 
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(a)  100 hPa  IWC
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Figure 2. Scatter plots of tropical-averaged (30ºS-30ºN) IWC versus the mean under-cloud SST at three 703 

pressure levels, (a) 100 hPa, (b) 147 hPa and (c) 215 hPa; and (d) the MLS-derived CTP versus the mean 704 

under-cloud SST.  Each point is a daily value from August 8, 2004 to September 30, 2006.  The solid lines 705 

are the least squares linear fits to the data.  706 

 707 
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Figure 3. Scatter plots of (a) the tropical-averaged (30ºS-30ºN) IWP (integrated from 215 hPa) versus the 709 

mean under-cloud SST; (b) the tropical-averaged IWP versus the tropical cloudy-area (IWP > 0) averaged 710 

precipitation;  (c) the tropical cloudy-area averaged precipitation versus the mean under-cloud SST; and (d) 711 

the precipitation-normalized IWP (in g m−2 mm−1 day) versus the mean under-cloud SST. Each point is a 712 

daily value from August 8, 2004 to September 30, 2006. The solid lines are the least squares linear fits to 713 

the data, with the corresponding equations shown. The dotted line in Fig. 1b marks the regression line 714 

constrained to go through zero (see text for details).    715 

 716 



 37 

(a)  LW  CRE,  Jan 05
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(b)  SW  CRE,  Jan 05
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(c)  NET  CRE,  Jan 05
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Figure 4. Horizontal maps of model-computed CREs at the top-of-atmosphere for the MLS-observed cirrus 718 

clouds (215 hPa and up) for January 2005, (a) LW, (b) SW and (c) net CRE, with positive sign indicating 719 

warming to the Earth-atmosphere and vice versa. 720 

 721 
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 722 

 723 

Figure 5. Horizontal maps of the monthly mean MLS IWP and AIRS CFR for January 2005.  724 
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Figure 6. The model-computed LW, SW and net CRE binned on MLS IWP (a-c) and AIRS CFR (d-f) 726 

(black lines) for January 2005. The grey line in (b) is the model-computed mean visible optical depth for 727 

each IWP bin. The grey lines in (c) and (f) are the probability density function of MLS IWP and AIRS CFR 728 

for January 2005, respectively. The horizontal dotted lines in (c) and (f) mark the zero net CRE.  729 
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 730 

Figure 7. The difference of tropical-mean (a) net, (b) LW and SW CRE (in W m-2) between the runs with 731 

increased IWP and the standard run. All results are based on the January 2005 cloud profiles. 732 


